Taxanes are powerful chemotherapy agents that target the microtubule cytoskeleton, leading to mitotic arrest and cell death; however, their clinical efficacy has been hampered due to the development of drug resistance. Therefore, other proteins involved in spindle assembly are being examined as potential targets for anticancer therapy. The mitotic kinesin, Eg5 is critical for proper spindle assembly; as such, inhibition of Eg5 leads to mitotic arrest making it a potential anticancer target. We wanted to validate Eg5 as a therapeutic target and determine if Eg5 inhibitors retain activity in Taxol-resistant cells. Using affinity chromatography we first show that the compound HR22C16 is an Eg5 inhibitor and does not interact with other microtubule motor proteins tested. Furthermore, HR22C16 along with its analogs, inhibit cell survival in both Taxol-sensitive and -resistant ovarian cancer cells with at least 15-fold greater efficacy than monastrol, the first generation Eg5 inhibitor. Further analysis with HR22C16-A1, the most potent HR22C16 analog, showed that it retains efficacy in PgP-overexpressing cells, suggesting that it is not a PgP substrate. We further show that HR22C16-A1 induces cell death following mitotic arrest via the intrinsic apoptotic pathway. Interestingly, the combination of HR22C16-A1 with Taxol results in an antagonistic antiproliferative and antimitotic effect, possibly due to the abrogation of Taxol-induced mitotic spindles by HR22C16-A1. Taken together, our results show that Eg5 inhibitors have promising anticancer activity and can be potentially used to overcome Taxol resistance in the clinical setting.
Taxanes are powerful chemotherapy agents that target the microtubule cytoskeleton, leading to mitotic arrest and cell death; however, their clinical efficacy has been hampered due to the development of drug resistance. Therefore, other proteins involved in spindle assembly are being examined as potential targets for anticancer therapy. The mitotic kinesin, Eg5 is critical for proper spindle assembly; as such, inhibition of Eg5 leads to mitotic arrest making it a potential anticancer target. We wanted to validate Eg5 as a therapeutic target and determine if Eg5 inhibitors retain activity in Taxol-resistant cells. Using affinity chromatography we first show that the compound HR22C16 is an Eg5 inhibitor and does not interact with other microtubule motor proteins tested. Furthermore, HR22C16 along with its analogs, inhibit cell survival in both Taxol-sensitive and -resistant ovarian cancer cells with at least 15-fold greater efficacy than monastrol, the first generation Eg5 inhibitor. Further analysis with HR22C16-A1, the most potent HR22C16 analog, showed that it retains efficacy in PgP-overexpressing cells, suggesting that it is not a PgP substrate. We further show that HR22C16-A1 induces cell death following mitotic arrest via the intrinsic apoptotic pathway. Interestingly, the combination of HR22C16-A1 with Taxol results in an antagonistic antiproliferative and antimitotic effect, possibly due to the abrogation of Taxol-induced mitotic spindles by HR22C16-A1. Taken together, our results show that Eg5 inhibitors have promising anticancer activity and can be potentially used to overcome Taxol resistance in the clinical setting.
Taxanes represent one of the most successful classes of anticancer drugs and have validated microtubules as excellent chemotherapeutic targets (1) . At the molecular level, taxanes bind microtubules directly leading to a potent suppression of microtubule dynamics, increased microtubule stabilization, and interphase microtubule bundling; consequently, cells undergo robust mitotic arrest and subsequent apoptotic cell death (2, 3) . Despite their clinical success against several solid tumors including ovarian, breast, prostate, and non-small cell lung cancers (4), acquired drug resistance has hindered their clinical efficacy (5) . Extensive preclinical studies have shown that taxane resistance is primarily caused by overexpression of the drug efflux pump, P-glycoprotein (PgP) 1 (6) , acquired mutations in ␤-tubulin (7), and increased microtubule dynamics (8) . Thus, there is an urgent need to identify small molecule inhibitors that overcome taxane resistance. Because antimitotics have been so effective in clinical oncology, other proteins involved in the mitotic machinery represent desirable targets for anticancer therapy.
One such target is the microtubule-associated protein, Eg5 (9 -12) . This mitotic kinesin contains an N-terminal motor domain, which generates force along the microtubule, moving Eg5 to the microtubule plus end. During interphase in most epithelial cells, the plus ends of microtubules are oriented toward the plasma membrane while the minus ends are facing the nucleus. Upon entry into mitosis, microtubule plus ends reorient toward the chromosomes, while the minus ends are anchored at the spindle poles, forming a bipolar spindle. The homotetrameric structure of Eg5 has its motor domains arranged at two ends of a dumbbell such that it can bind and push apart spindle microtubules and generate an outwarddirected force pushing spindle poles apart (13) (14) (15) . Thus, Eg5 is critical for proper spindle formation during mitosis and therefore has become an attractive therapeutic target for rapidly dividing cancer cells.
The first small molecule inhibitor of Eg5 was identified in a phenotype-based screen and has been termed monastrol, because of the formation of monoastral spindles (16) . Monastrol induces mitotic arrest without affecting interphase microtubules, and has been a useful tool for dissecting the mechanisms underlying spindle assembly (14) ; however, its clinical potential is limited because of its weak Eg5 inhibitory activity (IC 50 , 14 M; Ref. 16) . Recently, second generation Eg5 inhibitors have been discovered in drug screens. One such compound, CK0106023, is a specific allosteric inhibitor of Eg5 and possesses antitumor activity in an ovarian cancer xenograft (17) . Another Eg5 inhibitor, HR22C16 was discovered in a microscopy-based forward chemical genetics screen of ϳ16,000 compounds (18) . This compound has antimitotic activity and inhibits the Eg5 motor function in vitro with an IC 50 of 800 Ϯ 10 nM. Moreover, a variety of HR22C16 analogs with increased potency have also been developed.
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Our laboratory has established a model of Taxol resistance comprised of the 1A9 Taxol-sensitive human ovarian carcinoma cell line and its Taxol-resistant derivative line, 1A9/ PTX10. Taxol resistance in this model is caused by an acquired tubulin mutation at the Taxol binding site and results in a 25-fold resistance to Taxol as compared with the parental 1A9 cells (7, 19) .
Our results show that HR22C16 and its analogs, inhibit cell survival in both Taxol-sensitive and Taxol-resistant ovarian cancer cells, which either have PgP overexpression or acquired ␤-tubulin mutations. Furthermore, mechanistic evaluation of the most potent HR22C16 analog, HR22C16-A1 (termed A1), revealed that it induces apoptotic cell death via the intrinsic apoptotic pathway. Interestingly, the combination of A1 with Taxol results in an antagonistic effect on cell death and mitotic arrest, indicating that the combination of an Eg5 inhibitor with Taxol may not be of therapeutic use. In summary, we have identified a small molecule inhibitor of Eg5 with promising anticancer activity that retains the ability to induce cell death in cases where taxanes fail.
MATERIALS AND METHODS
Cell Culture-Cell lines were maintained in RPMI 1640 supplemented with 10% fetal calf serum, nonessential amino acids, and 0.1% penicillin/streptomycin. All lines were cultured at 37°C in a humidified atmosphere with 5% CO 2 . The PTX10 Taxol-resistant cells were derived from 1A9 ovarian carcinoma cells as previously described (7) .
Drug Compounds-Taxol was obtained from Calbiochem (580555), aliquoted to 10 M in Me 2 SO and stored at 4°C. Monastrol was obtained from AgScientific (M116) aliquoted to 10 mM in Me 2 SO and stored at Ϫ20°C. HR22C16, A1, and other analogs were previously synthesized and stored as described in Hotha et al. (18) .
Preparation of HR22C16 Matrix for Affinity Chromatography-5.1 ml of Affi-Gel 10 (Bio-Rad) in 2-propyl alcohol was precipitated using a tabletop clinical centrifuge. The 2-propyl alcohol was carefully removed, and 8 ml of tetrahydrofuran (THF) was added. The THF was removed after pelleting the resin again and fresh THF was added. 51.2 mg of the HR22C16-amine in 200 l of Me 2 SO and 25 l of pyridine were added. After 4 h of incubation at room temperature, the reaction mixture was pelleted, and THF was removed. Fresh 2-propyl alcohol (10 ml) and 200 l of TBSTX (14) were added to the resin and incubated for 2 h at room temperature.
Affinity Chromatography-Cytostatic factor-arrested Xenopus extracts were prepared as described (20) . Extracts were then diluted 10-fold in dilution buffer (50 mM Hepes pH 7.7, 100 mM KCl, 1 mM EGTA, 11 mM MgCl 2 , 10 mg/ml LPC, 1 mM phenylmethylsulfonyl fluoride, 1 mM ATP, 7.5 mM creatine phosphate, 1 mM dithiothreitol), and spun for 1 h and 40 min at 52,000 rpm in a Ti70 rotor. Clarified extracts were then repeatedly passed over a column of 10 mg/ml bovine serum albumin coupled to Affi-Gel 10 (Bio-Rad) for 2 h. Either 200 M of the HR22C16-amine or 0.1% Me 2 SO was then added to the clarified extract and it was repeatedly passed over the HR22C16 matrix for an additional 3 h. The flow-through was saved for Western blot analysis. The HR22C16 beads were then washed with 25 column volumes of wash buffer (10% glycerol, 50 mM Hepes pH 7.7, 100 mM KCl, 1 mM EGTA, 1 mM MgCl 2 , 1 mM dithiothreitol) and followed by 25 column volumes of wash buffer with 1 M KCl. Beads from the column were then added to SDS loading buffer and processed for Western blot analysis. Antibodies used were obtained as follows: pan-kinesin (gift from Dr. Timothy J. Mitchison; anti-Eg5 (as described in Ref. 9); Kin1: KCM1 (gift from Dr. C. Walczak); Kin 2: KLP1 (generated in the laboratory); Dyn1: p150glued dynactin and Dyn2: p50 dynamitin (BD Transduction Laboratories).
Cell Survival Assays and Combination Index-The sulforhodamine B (SRB) cytotoxicity assays were adapted from Skehan et al. (21) . In brief, cells were plated in triplicate on 96 well plates (2500 cells/well), and the next day 1:3 serial dilutions of the drug were made and added to the cells. Cells were incubated with drug for 72 h, after which cells were fixed for 1 h with 50% cold trichloroacetic acid. Plates were washed five times in water, air-dried, then stained with 0.4% SRB for 30 min. Plates were then washed four times in 1% acetic acid, air-dried, and bound SRB was dissolved in 10 mM unbuffered Tris base (pH 10.5). Plates were read in a microplate reader by measuring A 564 . The percent survival was then calculated based upon the absorbance values relative to untreated samples. The combination index method described in Ref. 24 was employed to determine the interaction between A1 and Taxol, and the data were analyzed using Calcusyn software (Biosoft, Cambridge, UK). Briefly, the interaction of the two drugs was determined by calculating the CI as a function of the fraction affected (100 percent cell survival). A CI value of Ͼ1 is antagonism, ϭ 1 is additivity, and Ͻ1 is synergy. Each CI value represents the mean of a least three independent experiments, whereby each data point was performed in triplicate.
Immunofluorescence-Immunofluorescence microscopy was performed as previously described (22) . For tubulin staining an anti-␣-tubulin antibody was used (Chemicon International, MAB1864; 1:500 dilution) and as a secondary antibody an Alexa 563-conjugated goat anti-rat IgG from Molecular Probes was used. Cells were imaged using a Zeiss LSM 510 Meta (Thornwood, NY) confocal microscope using either a ϫ63 (N.A. 1.4) or ϫ100 (N.A. 1.4) Apochromat objective. Images were acquired using Zeiss LSM 510 software and processed in Adobe Photoshop 7.0.
Flow Cytometry-For cell cycle analysis, cells were grown in 6-well plates and treated the next day. They were then scraped from plates using a rubber policeman, centrifuged at 1000 rpm for 5 min, and 1 ml of propidium iodide buffer containing 0.1 mg/ml propidium iodide and Nonidet P-40 (0.6%) was used to resuspend cells. Cell were incubated in this buffer for 30 min at room temperature in the dark, passed through a filter to remove cell clumps, and read in a BD Biosciences flow cytometer.
Western Blotting-1A9 ovarian carcinoma cells were plated in 6-well plates and treated the next day. Cells were lysed in TNES buffer containing 50 mM Tris (pH 7.5) 100 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, and a 1ϫ protease inhibitor mixture (Roche Applied Science). Lysates were centrifuged at 14,000 rpm for 15 min, and supernatants were loaded on a 7.5% SDS-PAGE gel (BCA assay was used to determine protein concentration). Protein was transferred (100 V for 1 h) and blotted with antibodies against PARP p85 (Cell Signaling), cleaved caspase-9 (Cell Signaling), cleaved caspase-8 (Cell Signaling), and actin (Cell Signaling).
Live Cell Imaging-MCF-7 cells stably transfected with GFP:tubulin (kind gift of Dr. Mary Ann Jordan) were imaged using a PerkinElmer Life Sciences Ultraview spinning disc microscope mounted on a Zeiss Axiovert 200 M microscope. A ϫ63 or ϫ100 Plan-Apochromat (N.A. ϭ 1.4) was used to image cells, and the microscope was enclosed in a heating chamber (at 37°C) and heated plate holder (at 37°C) perfused with 5% CO 2 . Single image planes were acquired every 4 min with 2X2 binning and exposure times ranging from 300 -600 ms.
RESULTS

HR22C16 Interacts with Eg5 but Not Other Microtubulebased Motor Proteins-
The cell permeable small molecule inhibitor of cell division, HR22C16, was identified using a forward chemical genetic screen as previously described (18) . Using in vitro assays it was previously shown that HR22C16 inhibits the mitotic kinesin, Eg5 with an IC 50 of 800 Ϯ 10 nM; however, it is not known if this compound binds and inhibits Eg5 specifically or if it also binds other microtubule motor proteins. Based on SAR (structure activity relationship) analysis (18), we designed a strategy to link HR22C16 to a solidsupport compatible with affinity chromatography. HR22C16 was linked via an introduced terminal amine to Affi-Gel 10 resin (Fig. 1A) . To assess whether HR22C16-beads bind Eg5, we incubated these beads with vertebrate cell-free extracts in the presence or absence of soluble HR22C16-amine. As shown in Fig. 1B , Eg5 was present in the bead-bound fractions confirming that Eg5 did indeed interact with the HR22C16 beads. Furthermore Western blot analysis of the flow-through (Fig.  1C ) indicated that incubation with HR22C16 beads depleted Eg5 from the extract. The bulk of both the Eg5 binding and depletion was prevented when extracts were preincubated with 200 M soluble HR22C16-amine, indicating these observations were in fact caused by Eg5 interaction with the small molecule, rather than nonspecific absorption by the beads. In contrast, when we examined a number of other microtubule-based motors important for cell division by Western blotting, they were neither significantly depleted by HR22C16 beads nor was there any effect on their relative protein levels in the flow-through in the presence or absence of soluble HR22C16 (Fig. 1C) . These results indicate that HR22C16 binds to Eg5 and does not interact with other motor proteins that play key roles in cell division.
HR22C16 and Its Analogs Have Antiproliferative Activity Against Both Taxol-resistant and -sensitive Cancer Cell Lines-
Taxanes are one the most effective classes of anticancer agents with activity against a broad range of solid tumors; however, their clinical success has been limited because of acquired drug resistance (5). Our laboratory has established a model of Taxol resistance consisting of the parental Taxol-sensitive 1A9 human ovarian carcinoma cells and their Taxol-resistant counterparts, PTX10 and PTX22 cell lines. These cells are ϳ25-fold resistant to Taxol because of acquired mutations in the Taxol binding site (7) . To test the efficacy of the Eg5 inhibitors, HR22C16 and two of its analogs (A1 and E1) (18) in these Taxol-resistant cell lines, we performed 72-h antiproliferative assays. Our results (Table I) show that all Eg5 inhibitors tested, including the first generation Eg5 inhibitor monastrol, are active against the Taxol-resistant cell lines, with relative resistance values ranging from 1.8 -3.2-fold, in contrast to 21-fold resistance to Taxol. Furthermore, we show that the HR22C16 analog, A1, was the most effective antiproliferative agent, having an IC 50 of 0.8 Ϯ 0.1 M and 2.3 Ϯ 0.3 M in 1A9 cells and PTX10 cells, respectively. These IC 50 values are ϳ30-fold lower than monastrol (62 Ϯ 5.6 M in 1A9 and 57 Ϯ 5.6 M in PTX10) and ϳ3-fold lower than HR22C16. Overall, these results demonstrate that Eg5 inhibitors effectively inhibit cell growth in both Taxol-resistant and Taxol-sensitive cancer cells.
We next wanted to test if the most potent Eg5 inhibitor, A1, was also effective in cells that are resistant to Taxol because of overexpression of the drug efflux pump, PgP. Thus we used the ovarian carcinoma cell line A2780-AD10 (derived from 1A9 cells), which overexpresses PgP and is resistant to Taxol treatment (23). Our results (Table II) show that A1 retains its activity against the A2780-AD10 cells, displaying only a 2.4-fold relative resistance as compared with the parental 1A9 cells. In contrast, Taxol loses activity by at least 750-fold against the PgP-overexpressing A2780-AD10 cells. Furthermore, the mitotic index of A2780-AD10 cells following overnight treatment with 1 M A1 was 62 Ϯ 6.9%, whereas Taxol had no effect (mitotic index 3 Ϯ 0.5%). This result demonstrates Eg5 inhibitors are effective in PgP-overexpressing cells suggesting that A1 is not a PgP substrate, and A1 activity is unaffected by taxane resistance caused by PgP overexpression.
The Antiproliferative Activity of A1 Is Caused By Mitotic Arrest Followed by Apoptotic Cell Death-To confirm that the enhanced antiproliferative activity of A1 was reflected in its antimitotic activity, we quantitated the number of cells displaying monoastral spindles at various doses of both A1 and monastrol. We observed that 0.75 M A1 resulted in ϳ10% of cells with monopolar spindles and that this effect was dose-dependent up until 10 M, where nearly 85% of all cells had monopolar spindles (Fig. 2A) . In comparison, 7.0 M monastrol was necessary to produce only 5% of all cells having monopolar spindles, and it took 25 M monastrol to give nearly 70% of all cells having monopolar spindles. Thus, A1 has greater antimitotic and antiproliferative activity compared with monastrol. These results show a tight correlation between the antimitotic and the cytotoxic effects of the Eg5 inhibitors. Since the HR22C16 analog, A1, displayed the most potent antiprolifera- tive activity among all Eg5 inhibitors used here, we continued our mechanistic studies using this compound.
Eg5 Inhibition Overcomes Taxol Resistance
To precisely characterize the mechanism by which A1 induces cell death in Taxol-sensitive and -resistant 1A9 and PTX10 cells we first analyzed A1 effects on interphase and mitotic microtubules by confocal microscopy. As expected, untreated mitotic cells displayed normal bipolar metaphase spindles, with chromosomes aligned along the metaphase plate (Fig. 2B) . In contrast, treatment of 1A9 and PTX10 cells with 1 M A1 (ϳIC 50 from 72 h antiproliferative assay) for 16 h resulted in the formation of monopolar spindles that were accompanied by a ring of chromosomes (Fig. 2B) This phenotype is indicative of Eg5 inhibition since cells are unable to form a normal bipolar spindle when Eg5 is non-functional. Furthermore, there were no detectable effects on interphase microtubules in both 1A9 and PTX10 cells (Fig. 2C) , which is consistent with the fact that Eg5 functions only in spindle assembly. Similar results were observed in PTX22 cells (data not shown).
Our data shown in Table I demonstrate that A1 is equally effective against both 1A9 and PTX10 cells. We wanted to extend these observations to determine if A1 had similar Eg5 inhibitory activity in 1A9 and PTX10 cells, by quantitating the number of monopolar spindles produced in both cell lines at a range of doses. As shown in Fig. 2D , A1 induced a similar number of monopolar spindles in 1A9 and PTX10 cells at all concentrations tested. Thus, A1 is equally effective at inducing mitotic arrest in Taxol-resistant and -sensitive cell lines, suggesting that it is an effective antimitotic inhibitor in both cell lines. In contrast, Taxol was only effective in inducing aberrant mitotic spindles in 1A9 cells but lost efficacy in PTX10 cells, consistent with the Taxol-resistant phenotype of these cells.
To further examine the effects of A1 on mitotic arrest and apoptosis we employed live cell confocal imaging, which provides high spatiotemporal resolution of dynamic events. We imaged MCF-7 breast cancer cells stably expressing GFP-tubulin to observe microtubule spindle formation and cell division in untreated or A1-treated (1 M) cells. In untreated cells, microtubules formed a normal bipolar spindle, underwent anaphase, and cytokinesis within minutes upon entry in mitosis (see Supplemental Movie 1). In contrast, A1-treated cells were unable to form a bipolar spindle, and microtubules formed a monoastral configuration (n ϭ 5). Specifically, a representative experiment (Fig. 3A and Supplemental Movie 2) shows two cells that were imaged 1 h after 1 M A1 treatment. The cell on the left already has an A1-induced monopolar spindle and apoptosis is initiated at t ϭ 100 and continues through t ϭ 320 min (arrows indicating membrane blebbing). The cell on the right is imaged at interphase (t ϭ 0) and begins to form a microtubule aster at t ϭ 8 min. By t ϭ 24 min the nuclear envelope has broken down, indicating chromosome condensation, (nucleus ϭ N) and a monopolar spindle is observed. However, unlike control cells a bipolar spindle cannot be formed because of Eg5 inhibition by A1, and the monopolar configuration remains throughout the time lapse (t ϭ 320 min).
Next, we performed a time course experiment to determine the temporal characteristics of monopolar spindle formation induced by A1, in a population of the Taxol-sensitive 1A9 and Taxol-resistant PTX10 cells (Fig. 3B) . Confocal microscopy analyses show that monopolar spindles are evident at 8 h of A1 treatment, in both cell lines and their formation peaks at 16 h of treatment, in both 1A9 and PTX10 cell lines. By 48 and 72 h there appeared to be a decrease in the number of cells containing monopolar spindles in both cell lines, suggesting apoptotic cell death. Furthermore, we observed an increase in the number of multinucleated cells in both 1A9 and PTX10 (data not shown) indicating possible mitotic slippage.
To quantitatively examine the effect of A1 treatment on the cell cycle distribution and apoptosis we employed flow cytometry using DNA staining (Fig. 3, C and D) . Our results show that the percentage of cells in G 2 /M increases in a time-dependent manner from 8 to 24 h, while the maximum mitotic arrest is reached at 16 h for both cell lines. These results are consistent with those obtained by confocal microscopy and also show a slow decrease of G 2 /M arrest at 48 and 72 h, by both assays. We also quantitated the number of apoptotic cells (sub-G 1 ) and observed that in both cell lines the onset of apoptosis began at 48 h and significantly increased by 72 h. Finally, in both cell lines at 48 and 72 h there was a increase in the polyploid population, which may represent the aforementioned multinucleated cells observed by confocal microscopy.
A1 Induces Apoptosis Through the Intrinsic Apoptotic Pathway-To examine the mechanism by which A1 induces apoptotic cell death in 1A9 and PTX10 cells, we first measured cellular levels of PARP p85 cleavage, a downstream marker of both the intrinsic and extrinsic apoptotic pathways. Treatment of both 1A9 and PTX10 cells with A1 resulted in a similar dose-dependent increase in PARP cleavage, whereas Taxol treatment in PTX10 cells caused only a minimal increase in PARP cleavage (Fig. 4A) , consistent with its lack of activity in these cells. These data further confirm that the apoptotic activity of A1 is equivalent in 1A9 and PTX10 cells.
Next, we wanted to elucidate the mechanism of A1-induced apoptosis by determining if A1-treated cells activate the intrinsic (mitochondrial) or extrinsic apoptotic pathway. To do this we performed Western blot analysis for caspase-9 cleavage (only cleaved in the intrinsic pathway) and caspase-8 cleavage (only cleaved in the extrinsic pathway). Treatment with A1 led to a dose-dependent increase in both caspase-9 and PARP cleavage, but not caspase-8 cleavage (Fig. 4B) , suggesting that A1 only activated the intrinsic apoptotic pathway. As a positive control for the extrinsic apoptotic pathway, we used the TRAIL ligand, a known activator of the extrinsic apoptotic pathway and caspase-8 cleavage. Treatment with the TRAIL ligand did induce capsase-8 but not cause caspase-9 cleavage (Fig. 4B) , confirming previous studies with this compound. Furthermore, Taxol treatment caused caspase-9 and some caspase-8 cleavage, suggesting that it activates both the intrinsic and extrinsic apoptotic pathways in these cells. Overall, these results suggest that A1 induces apoptosis through the intrinsic apoptotic pathway.
A1 Is Antagonistic with Taxol Treatment-Both A1 and Taxol induce mitotic arrest, however A1 targets the microtubule-associated protein Eg5 leading to improper spindle formation, whereas Taxol binds microtubules directly, interfering with microtubule functionality. Regardless of their distinct mechanisms of action, they both cause mitotic arrest and ensuing apoptotic cell death. Thus, we wanted to determine if the combination of the two antimitotic agents would result in a synergistic enhancement of cell death. To do this we performed antiproliferative analysis with each drug alone and in combination and analyzed the results using the combination index (CI) analysis (24) . In this type of analysis a CI less than 1 indicates synergy, greater than 1 is antagonism, and around 1 is additivity. As shown in Fig. 5A , the combination of the agents yielded a CI greater than 1, independently of sequential or concomitant administration of the two drugs, and therefore was antagonistic.
To better understand the molecular basis of this antagonistic interaction, we examined the effect of their combined administration on mitotic arrest. The results of this experiment showed that the combination of these two agents resulted in a significant decrease in the number of cells arrested in mitosis com-pared with either drug alone (Fig. 5B) , indicating that their antagonism likely stems from their decreased ability to cause mitotic arrest when the two agents are used in combination. A similar result was obtained with HR22C16, the parent compound of A1 (data not shown).
To further characterize the antagonistic nature of these two agents, we examined the morphology of aberrant spindles formed by each agent, both alone and in combination. We reasoned that we could distinguish each drug effect on mitotic arrest since Taxol mainly causes the formation of multipolar spindles, whereas A1 induces a monoastral-type spindle with a ring of chromosomes (Fig. 5C, top) . Thus, we treated cells with various combinations of these agents and assayed the number of normal bipolar spindles, A1-type, or Taxol-type spindles. Our data show that concomitant administration of A1 (1 M) and Taxol (5 nM) led to the formation of nearly all A1-type spindles (i.e. monopolar). Interestingly, when Taxol was administered first (24 h) followed by A1 (24 h), A1-type spindles were again observed predominantly, although Taxol alone (24 h) induced only Taxol-type spindles. On the other hand, when A1 (24 h) was followed by Taxol (24 h), most spindles formed a typical Taxol-like configuration (i.e. multipolar). Representative immunofluorescence images of the various treatments are also shown in Fig. 5D . Overall, these results show that the administration of A1 after, and during Taxol treatment, led to only A1-type spindles suggesting that A1 treatment forces spindles into a monoastral configuration.
To test the hypothesis that A1 treatment causes Taxol induced multipolar spindles to form a monoastral A1-type spindle, we employed live-cell confocal imaging of MCF-7 breast cancer cells stably expressing GFP-tubulin. This analysis will allow us to visualize the effects of A1 on Taxol-induced spindles with high spatiotemporal resolution. To perform this experiment, cells were first treated with Taxol (10 nM) for 16 h, which induced ϳ 25% of cells to form multipolar spindles. A1 was then added (5 M), and a cell having a multipolar spindle was immediately imaged (Fig. 6A) . A time-lapse of one representative experiment (n ϭ 5) is shown in Fig. 6B and Supplemental Movie 3; at t ϭ 0 min after A1 treatment a multipolar Taxolinduced spindle is observed. After 36 min of A1 treatment the spindle begins to lose the distinct multipolar formation and appears to be collapsing. This pattern continues and by t ϭ 100 min. the spindle forms a more circular pattern and microtubules emanate from a central microtubule ring. By t ϭ 120 min the spindle has completely lost its original multipolar character and now appears more monopolar with microtubules radiating from the central portion of the aster. Overall, we observed this transition from multipolarity to monopolarity in ϳ90% of all spindles observed.
DISCUSSION
The clinical success of taxanes clearly validates microtubules as excellent anticancer targets; however, the ability of tumors to acquire resistance to taxane treatment is one of the most common causes of relapse in cancer patients (5, 25) . Therefore, there is an urgent need for new small molecules with antimitotic activity that are able to combat taxane resistance. Thus, we sought to determine if small molecule inhibitors of the mitotic kinesin, Eg5, can overcome drug resistance in two model cancer cell lines of taxane resistance. Our results clearly show that Taxol-resistant cells, that either harbor a tubulin mutation at the Taxol-binding site, or overexpress PgP, undergo cell death after treatment with the potent Eg5 inhibitor HR22C16 and its analogs (Tables I and II) . Furthermore, we show that A1, the most potent HR22C16 analog, exerts its anticancer activity via induction of mitotic arrest followed by cell death through the intrinsic apoptotic pathway (Figs. 3 and  4 and Ref. 26) . Although Taxol-induced mitotic arrest stems from kinetic stabilization of mitotic spindles and A1-induced mitotic arrest stems from Eg5 inhibition, it appears that both classes of drugs trigger apoptosis via the intrinsic pathway. This result suggests that aberrant mitotic arrest triggers the intrinsic apoptotic pathway independently of the drug cellular target.
It is also important to note that in all cases and in all cell lines, we never observed any effects on interphase microtubules over a range of concentrations tested (0.5-10 M) suggesting that these compounds are primarily active in dividing tissues. This is consistent with the fact that Eg5 is thought to only function in spindle assembly, when cells have entered mitosis (27, 28) . In fact, preliminary data indicate that in breast tumors there is a positive correlation between mitotic index and Eg5 gene expression levels (29) . In addition, preliminary data from our laboratory show that Eg5 inhibitors lose activity against cancer cells that are growth-arrested, either due to contact inhibition or due to adriamycin-induced cell cycle arrest (data not shown). Thus, we believe that Eg5 inhibitors are likely to be more selective for actively dividing cancer cells, sparing normal tissues from unnecessary side effects.
Interestingly we show that the combination of A1 with Taxol led to an antagonistic effect on cell survival (Fig. 5) , such that exposing cells to both agents either sequentially or concomitantly reduces their antiproliferative and antimitotic effects. These results suggest that the combination of two drugs that both induce mitotic arrest by targeting either microtubules or Eg5 may not be favorable. This result is in sharp contrast with previous reports where the combination of antimitotic agents, such as Taxol with discodermolide or Taxol with vinca alkaloids, was shown to be synergistic (30, 31) . These differences might be attributed to the fact that A1 and Taxol have different cellular targets whereas Taxol, discodermolide, and vinca alkaloids all share the same target, tubulin. Moreover, our data show that when Taxol is followed by A1 or when both drugs are present concomitantly, almost all cells displayed A1-type spindles (i.e. monopolar). Since we show that the same dose of Taxol (5 nM) alone for 24 h, induce multipolar Taxol-type spindles, it appears that these Taxol-induced spindles exist transiently in the Taxol/A1 sequential combination, but may transition to An A1-type configuration upon addition of A1 (Fig. 5, C and D) . We went on to confirm this by showing in live cells that A1 treatment causes Taxol-induced multipolar spindle to collapse and form a more monopolar configuration (Fig. 6 ). An explanation for these observations is that Taxol-induced spindles cannot be maintained once A1 is added, implying that functional Eg5 is necessary to maintain this multipolar spindle configuration. In fact, it was shown that Eg5 is required for Taxol-induced microtubule aster formation in cell-free mitotic extracts (15) . Thus, it is possible that the Taxol/A1 antagonism may stem from the fact that Eg5 functionality contributes to Taxol-induced mitotic arrest and cell death. Clearly, further studies investigating these observations and their impact on the antagonism of these two drugs are warranted.
Overall, our data show that Eg5 inhibition is likely to be an effective anticancer strategy and can be used to overcome taxane resistance. The development of new Eg5 inhibitors with potent anticancer activity, such as those described herein as well as in other reports (17) , have enabled clinical development of these agents. Furthermore, our data suggest that the combination of Taxol and an Eg5 inhibitor is antagonistic, warranting caution of the combination of these two agents in the clinic. Thus further studies evaluating the clinical potential of these drugs are clearly necessary. Collectively, we show that Eg5 inhibitors are potent anticancer agents with a unique mechanism of action and activity in taxane-resistant cells, giving them the potential to be used clinically in cases where taxanes fail.
